Exploiting the negative biochemical interference between plants and algal species has been suggested as a method to control harmful algal blooms. In this work, we investigated the inhibitory effect of the salt marsh halophyte Salicornia europaea against the marine alga Skeletonema costatum. S. europaea suppressed the growth of S. costatum in a nutrient-sufficient co-culture system, indicating that the inhibition of algal growth was because of the phytotoxic effect of S. europaea, rather than nutrient competition. We tested aqueous and organic extracts from S. europaea roots against S. costatum. The organic extracts inhibited growth and affected the cell size and chlorophyll a content of S. costatum in a dose-dependent manner. Among the three tested organic extracts, the methanol extract had the greatest effects on S. costatum, followed by butanol extract, and then the chloroform extract. Two flavonoids, rutin and quercetin-3--D-glucoside, were identified in the methanol extract by high performance liquid chromatography. The concentration of rutin was much higher than that of quercetin-3--D-glucoside. In an algal bioassay, rutin inhibited the growth of S. costatum and the inhibitory effect increased with increasing rutin concentration and with decreasing initial algal density. Therefore, we concluded that S. europaea negatively affects the growth of S. costatum, and that rutin, a metabolite of S. europaea, may play a role in this inhibitory effect.
Harmful algal blooms (HABs) are now widespread and have significant negative effects on human health, fishery resources, and marine ecosystems throughout the world [1] . Therefore, there is a pressing need to develop management and mitigation strategies to respond to HABs. Recent studies have confirmed that bacteria [2] , yeast [3] , phytoplankton [4] , macrophytes [5] and angiosperms [6] can inhibit HABs in freshwater. However, little attention has been paid to the marine ecosystems, such as Yundang Lagoon (24°47′14′′N, 118°08′23′′E) in the center of Xiamen City, Southeast China, where high eutrophication has drawn public attention for years. Long-term investigations have shown that Skeletonema costatum, a common nearshore marine diatom, is the predominant bloom-forming species in Yundang Lagoon [7] . S. costatum is a good bio-indicator of eutrophication in coastal marine waters [8] .
Salicornia europaea is a salt marsh halophyte belonging to the Chenopodiaceae, and is one of the most salt-tolerant plant species in the world. In previous studies, it was reported that S. europaea has potential for use as a phytoremediation plant in saline soil [9] and for life support systems in space stations [10] . Could it play a role in phytoremediation of eutrophic coastal waters such as Yundang Lagoon? During our field study in Yundang Lagoon, we ob-served that after one year of S. europaea cultivation in a floating phytoremediation platform system, nutrient concentrations and/or populations of marine algae markedly decreased. In particular, the cell density of S. costatum decreased by 57% compared with the same period in the previous year. In light of these findings, we aimed to test the inhibitory effect of S. europaea plants and root extracts, including an aqueous extract and three organic extracts, on S. costatum. We analyzed the root extract by high performance liquid chromatography (HPLC) to identify possible active compounds, and then tested the inhibitory activities of isolated compounds against growth of S. costatum.
Materials and methods

Algal and halophyte culture
Unialgal cultures of the diatom S. costatum (YDL1108) were obtained from the Marine Ecology Laboratory, Xiamen University, China. The alga was routinely maintained in f/2 medium [11] in an illuminated incubator under the following conditions: temperature, 20°C; photoperiod, 12 h light/12 h dark; photon flux density (PFD), 72 μmol m -2 s -1 . The flask was shaken twice a day. The alga was cultured to the exponential phase before inoculation in the following experiments.
S. europaea seeds obtained from Dafeng Jinglong Marine Industrialized Development Corporation, Jiangsu Province, were germinated in vermiculite. Seedlings were hydroponically cultured with filtered seawater (0.45 μm) from the Xiamen Western Sea under a 12-h light/12-h dark photoperiod at 22/30°C with a PFD of 130 μmol m -2 s -1 .
Preparation of S. europaea root extracts
S. europaea plants were collected randomly so that the sample set included natural phenotypic variation. The plants were rinsed carefully with sterile seawater, and then the fresh roots were immediately lyophilized for 48 h with a vacuum freeze dryer (TFD5505, SIM, USA). The freezedried roots were ground into a fine powder, and then the powder was sieved through nylon mesh (96 μm) and ultrasonically extracted in chloroform (100 mL per 20 g dry weight of powder) for 1 h. Then, the mixture was kept in the dark at room temperature for 1 d. Each sample was extracted three times. The total liquid extract was filtered (Whatman GF/F) to remove plant debris, and then vacuum-dried. The remaining powder was extracted successively with butanol, methanol, and distilled water using the same procedure as mentioned above. The prepared extracts were stored at −20°C until use.
Algal bioassays with S. europaea in a co-culture system
Each aquarium (30 cm×20 cm×30 cm) was filled with 16 L f/2 medium and inoculated with S. costatum in the exponential growth phase. The initial algal cell density in the culture medium was 0.5×10 3 cells mL
1
. In the co-culture system, S. europaea was transplanted into the aquarium with a biomass concentration of 10 g fresh weight per liter (FW L 1 ).
A monoculture of S. costatum without S. europaea served as the control. The initial pH and salinity of the culture medium were adjusted to 8.0±0.2 and 30 practical salinity units (psu), respectively. Each experimental treatment was carried out in triplicate. The culture medium was continuously aerated and circulated to prevent formation of gradients. All aquaria were placed in a greenhouse under the following conditions: 22/30°C during the dark and light periods, 12-h light/12-h dark photoperiod, PFD of 130 μmol m -2 s -1 . After treatment for 2 d, extra half strength f/2 nutrient solution was added to the culture medium of the control and co-culture system. The chlorophyll a (Chl a) concentration, algal cell density, and the concentrations of dissolved inorganic phosphate (DIP) and dissolved inorganic nitrogen (DIN) in the culture media were determined daily [12] . To determine the rate of cell division, specific growth rates (μ) [13] of S. costatum were calculated as follows:
μ=(lnN t −lnN 0 )/t, where N t and N 0 are maximum cell density at time t and 0, respectively. The specific algal growth rate under each treatment was normalized and the inhibition ratio was determined as follows [14] :
Inhibition ratio (%)=(1−μ p /μ c )×100, where μ p and μ c are the specific growth rates with or without co-cultured S. europaea, respectively.
Determination of inhibitory effects of S. europaea root extracts
S. costatum was inoculated into a 100-mL flask filled with 40 mL fresh f/2 medium to an initial cell density of 2×10 3 cells mL 1 . The stock solutions of root extracts were redissolved in the original solvents and then separately added to the f/2 medium. The final concentrations of original solvents were maintained at 0.01% (v/v) in all tests. S. costatum inoculated into either f/2 medium or a mixture of solvent and f/2 medium served as controls. Each assay consisted of six replicates. The culture conditions were the same as those described above. Algal cell density and Chl a concentration were determined daily as described by Jiang and colleagues [12] . The morphological features of S. costatum cells were observed during the exponential growth phase under a fluorescence microscope (Leica DM4500B, Germany) at 400× magnification. Algal cell length and width were measured with Image Measurement Software (Image-Pro Express 6.0), and algal cell biovolume was calculated as follows [15] :
, L is the length (µm) and W is the width (µm) of algal cells. The effects of root extracts were evaluated by determining the half maximal inhibitory concentration (IC 50 ). The IC 50 data from the control and treatments were subjected separately to four regression analyses, consisting of linear, sigmoid, exponential, and polynomial models. On the basis of statistical criteria, the best-fitting model was chosen for each extract.
HPLC analysis
Analytical HPLC was performed using an Alliance system (Waters, USA), including a W2695 HPLC pump and a W2996 photodiode array detector. The liquid chromatograph was equipped with a Symmetry C 18 column (250 mm×4.6 mm, 5 μm; Waters). The following solvents and gradient were used: A, 0.2% phosphoric acid; B, methanol [16] ; linear gradient, 0 min 2% B, 10 min 2% B, 15 min 45% B, 26 min 45% B, 27 min 2% B, 37 min 2% B; the flow rate was 1 mL min 1 ; 10 μL of each analyte was injected. The column temperature was maintained at 30°C, DAD data were recorded from 200 to 800 nm, and chromatograms of flavonoids were recorded at 256 nm. Flavonoid peaks were identified by their retention time and coelution with pure compounds (rutin, quercetin-3-β-D-glucoside, and quercetin). The quantity of each compound was calculated from a regression analysis of peak areas against standard concentrations. All chemical analyses were conducted using three replicates.
Inhibitory activity of rutin against S. costatum
Rutin (Co. R5143, Sigma) was dissolved in methanol and then added to f/2 medium to obtain concentrations ranging from 2×10 rutin. Each assay consisted of six replicates. All other experimental conditions were the same as those described above.
Statistical analysis
Data were analyzed with OriginPro 7.5 and SPSS 16.0 software packages. One-way analysis of variance (ANOVA) was used to test the significance of differences between treatments and the control. Subsequent multiple comparisons were performed with Tukey's test at P≤0.05 to compare the mean growth of S. costatum.
Results
Growth inhibition of S. costatum by S. europaea in a co-culture system
Time-course growth curves showed that growth of S. costatum was completely inhibited by S. europaea. Compared with the monoculture control, the algal cell density and Chl a concentration in the presence of S. europaea was significantly reduced ( Figure 1A and B) . The inhibition ratio of S. costatum growth was time-dependent, and those of Chl a concentration and cell density were 98.74% and 99.68% after 5 d of co-culture with S. europaea. The concentrations of DIN and DIP in the culture media were greater than 0.2 and 0.045 mg L 1 , respectively, during the whole experiment ( Figure 1C and D) . Along with S. costatum growth, the DIP concentration in the control decreased to the lowest value at day 5, and then increased as the bloom of S. costatum declined.
Growth inhibition of S. costatum by S. europaea root extracts
To further explore the inhibitory effect of S. europaea, we determined the effects of an aqueous and three organic (methanol, butanol, and chloroform) root extracts against S. costatum. We measured algal cell density, specific growth rate, and IC 50 . None of the solvents used in the extracts affected algal growth. When the alga was treated with the aqueous extract (Figure 2A) , growth of S. costatum slightly increased at certain concentrations. However, all the organic extracts showed dose-dependent phytotoxic effects against growth of S. costatum, as indicated by the maximum cell density and specific growth rate ( Figure 2BD ). Among the three organic extracts, the methanol extract most strongly inhibited algal growth. As shown in Table 1 , the IC 50 of the methanol extract was 4.05 mg L 1 , followed by the butanol extract and the chloroform extract. Compared with algal cells in the control, those treated with any of the S. europaea extracts developed morphological abnormalities. All root extracts except the chloroform extract ( Figure 2H ) induced larger S. costatum cell sizes in a dose-dependent manner. In addition, all extracts increased the Chl a concentration in S. costatum cells in a dose-dependent manner. 
Inhibitory activity of rutin towards growth of S. costatum
Because S. costatum growth was much more sensitive to the methanol extract than to the other three extracts from S. europaea roots, we conducted an HPLC analysis to determine the chemical composition of this extract. As shown in Figure 3 , rutin and quercetin-3-β-D-glucoside were detected in the methanol extract. We plotted the peak area in the chromatogram against the concentration of rutin or quercetin-3-β-D-glucoside standard solutions to obtain a linear calibration curve for each substance ( Figure 3C and D To investigate the inhibitory effect of rutin against S. costatum, we carried out a dose-response curve experiment using a liquid culture assay. Results showed that the growth of the alga was not affected solely by the solvent. As shown in Figure 4A , algal growth was inhibited by rutin in a dose-dependent manner. The cell density and specific growth rate decreased with increasing concentrations of rutin. According to the regression analysis, the IC 50 of rutin was 6.69×10 −7 mol L 1 ( Table 1 ). The effect of rutin on S.
costatum was also measured using algal cultures at different initial densities, to determine whether the inhibitory effect was attenuated with increasing algal density. The time-course growth curves showed that at lower initial algal densities (≤1×10 3 cells mL 1 ), rutin showed stronger inhibitory effects against algal growth ( Figure 4B-F) .
Discussion
The results of the co-culture experiment indicated that the growth inhibition of S. costatum was because of the phytotoxic activity of S. europaea, rather than nutrient competition. There have been some reports on the effects of marine macroalgae on growth of S. costatum, such as a negative effect of Laminaria japonica [17] and a positive effect of Laminaria digitata [18] . However, there have been few reports on the inhibitory effects of a marine alga against S. costatum in a co-culture system or field study. An and colleagues [17] also reported that crude extracts from the marine macroalga Porphyra tenera inhibited growth of S. costatum; nevertheless, the growth rate of the latter was higher in a co-culture system [19] . In another study, the culture filtrate of Ulva lactuca significantly inhibited S. costatum in the first 1 or 2 days, but algal growth increased slightly from day 3 [20] . These findings indicate that the effects of marine macroalgae on growth of species that cause HABs (e.g., S. costatum) can be inconsistent. In our study, unlike the multiple effects of marine macroalgae, the culture filtrate of S. europaea strongly suppressed growth of the alga (see Appendix in the electronic version), and consistently showed an inhibitory effect over time and at different concentrations. This result may partly explain the reduction of S. costatum cell density in the Yundang Lagoon after a year of a; n=50 for cell size)±SE. Significant differences between treatments and control were tested using one-way ANOVA followed by Tukey's tests (P≤0.05).
S. europaea cultivation in a floating phytoremediation platform system. However, the long-term ecological significance of S. europaea cultivation should be further investigated in field studies and in studies on the mechanisms underlying the different interactions between S. costatum and marine macroalgae or salt marsh plants.
In this study, bioassay tests with root extracts from S. europaea using different solvents showed that methanol extracts inhibited algal growth most effectively. This is consistent with the results of Erhard and Gross [21] . Wang et al. [22] reported that methanol extracts from Ulva linza, Corallina pilulifera, and Sargassum thunbergii strongly inhibited growth of Prorocentrum donghaiense. Hydroxy5a,6a-epoxy-7-megastigmen-9-one and 8-hydroxy-4E,6E-octadien-3-one, identified in the seaweed Gracilaria lemaneiformis, are ethyl acetate-soluble compounds that moderately inhibited the growth of S. costatum [23] . In the present study, the organic extracts inhibited growth, whereas the aqueous extract showed a subtle stimulatory effect on growth of S. costatum. This was observed previously, and was reported as a fertilization effect at very low concentrations [24] . Alternatively, the extract may have had a chelating effect on some micronutrients in the culture medium [25] .
Our results showed that the biovolume of S. costatum increased when it was exposed to methanol, butanol, and water extracts from S. europaea root (Figure 2E-H) . These findings are consistent with those of Mulderij et al. [26] , who reported that the cell size of Scenedesmus obliquus significantly increased in the presence of Stratiotes exudates. The authors considered that the increased cell size of S. obliquus would enhance the sedimentation rate, and thereby the disappearance rate, of this species from the water. In addition to negative effects on algal morphology, inhibitory compounds can also disrupt the physiological functions of algal cells, such as the photosynthetic system [27] . In our study, all organic extracts increased the Chl a concentration in S. costatum cells in a dose-dependent manner. Hilt [28] also reported that the Chl a concentration and PSII activity of Scenedesmus armatus co-cultured with Myriophyllum spicatum were significantly higher than those of the controls. These observations could reflect a compensatory response or an evolutionary adaptation of the alga as a survival strategy, as discussed in a previous report [29] . HPLC analysis of the methanol extract of S. europaea root identified two flavonoids, rutin and quercetin-3-β-Dglucoside ( Figure 3) . Rutin has been shown to have antioxidant properties [30, 31] , and inhibitory effects against growth of crop plants [32] , bacteria [33] , and human glioblastoma cells [34] . Our study is the first report that rutin inhibits the growth of a marine diatom. We found that certain concentrations of rutin decreased the cell density of S. costatum and suppressed algal growth. Moreover, the inhibitory activity of rutin was negatively related to initial algal density, consistent with the effects of the algaecides N-phenyl-2-naphthylamine [35] , eathyl-2-methyl acetoacetate [36] , and gramine [37] . The IC 50 of rutin against growth of S. costatum was 6.69×10 −7 mol L 1 , which was much lower than its concentration in the root extract, suggesting that it may have been present at a significant concentration in the co-culture filtrate. However, we failed to determine the concentration of rutin in the culture filtrate. In future studies, we will determine the types and amounts of compounds that are released from S. europaea. Further studies should be conducted to analyze the biodegradation products, and to determine systematically the bioselectivity and biosafety of allelochemicals on aquatic biota. The results of such studies will guide the use of inhibitory plants or their products in practical applications.
In conclusion, our results show that S. europaea nega- tively affected the growth of S. costatum in a co-culture system. Organic extracts from the S. europaea root inhibited growth of S. costatum, and affected the cell size of the alga and its chlorophyll a content in a dose-dependent manner. Rutin, identified from S. europaea root extracts, may play an important role in inhibiting algal growth. It could be a promising algaecide to control S. costatum blooms.
